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Abstract
Crescent dunes and parabolic dunes can transform into each other and coex-
ist. Research on the geomorphological characteristics of their coexistence zones
contributes to understanding their formation mechanisms and provides scien-
tific basis for sand fixation and desertification control. Based on Esri historical
imagery service, this study extracted dune morphological parameters and calcu-
lated migration directions and speeds for the coexistence zone of crescent and
parabolic dunes in western Hunshandake Sandy Land across three periods (Jan-
uary 15, 2008; June 4, 2011; and September 20, 2016). The results indicate
that typical crescent dunes are concentrated in 15 regions associated with dry
lake basins in the western part of the sandy land, while incipient crescent dunes
and incipient parabolic dunes are distributed sequentially around the periph-
eries of dry lake basins. The emergence of dry lake basins is a key factor for the
development of typical crescent dunes in Hunshandake Sandy Land, and deserti-
fication caused by lake desiccation should receive adequate attention. Analysis
of the most typical Region 5 in the coexistence zone reveals that typical crescent
dunes and incipient crescent dunes exhibit significant differences from incipient
parabolic dunes in the distribution patterns of morphological parameters related
to their lateral wings. Further correlation analysis among dune morphological
parameters demonstrates that during the transformation from crescent dunes to
parabolic dunes, changes in windward slope length, leeward slope length, and
base area are inherited, while the lateral wings undergo the most substantial
changes. Additionally, the migration directions of the three dune types show mi-
nor numerical differences and are consistent with changes in the resultant drift
direction (RDD), but their migration speeds differ significantly, and the factors
influencing the migration speeds vary among different dune types. Vegetation
has the most pronounced effect on incipient parabolic dunes with relatively good
vegetation coverage, as evidenced by their migration speed being consistent with
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the NDVI variation trend of the sandy land during the same period. In contrast,
wind speed has a more significant impact on typical crescent dunes and incipient
crescent dunes with lower vegetation coverage, as their migration speeds align
with the variation trends of drift potential (DP) and resultant drift potential
(RDP) during the same period. Furthermore, topography, sand sources, and
human activities all influence the morphology and migration of dunes in the
coexistence zone.
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Abstract

Barchan and parabolic dunes can transform into each other and coexist in the
same area, resulting in a unique landscape where typical barchan dunes coexist
with embryonic barchan and parabolic dunes. Understanding their spatial dis-
tribution, morphological characteristics, and migration patterns is essential for
implementing targeted desertification prevention and control measures. Based
on Esri’s historical image service (World Imagery Wayback), we extracted mor-
phological parameters of dunes in the barchan-parabolic dune coexistence zone
in western Hunshandake Sandy Land for three periods: January 15, 2008, June
4, 2011, and September 20, 2016, and calculated dune migration direction and
velocity. Results indicate that typical barchan dunes are concentrated in 15 ar-
eas associated with dry lake beds in the western part of the sandy land, whereas
embryonic barchan and parabolic dunes are sequentially distributed around the
periphery of these dry lake beds. The formation of dry lake beds was a key
factor in the development of typical barchan dunes in the Hunshandake Sandy
Land. Therefore, greater attention should be paid to desertification caused by
lake drying. Analysis of morphological parameters in the fifth zone—the most
typical coexistence area—reveals significant differences between typical barchan
dunes, embryonic barchan dunes, and embryonic parabolic dunes. Correlation
analysis shows that windward slope length, lee slope length, and base area are
inherited during transformation from barchan to parabolic dunes, with wings ex-
periencing the greatest changes. Furthermore, the three dune types show similar
migration directions but varying velocities, influenced by different factors. Veg-
etation cover most significantly affects embryonic parabolic dunes, which have
relatively high vegetation cover, with velocity variations consistent with NDVI
trends during the same period. Wind speed most significantly affects typical
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and embryonic barchan dunes, which have relatively low vegetation cover, with
velocity variations consistent with DP and RDP trends. Additionally, terrain,
sand sources, and human activities also influence the morphology and migration
of barchan-parabolic dunes.

Keywords: barchan dunes; parabolic dunes; coexistence; morphology and mi-
gration; Hunshandake Sandy Land

Introduction

Barchan and parabolic dunes are two common dune types that can transform
into each other and produce transitional forms under the influence of climate
change or human factors. This transformation creates a unique landscape where
typical barchan dunes, embryonic barchan dunes, and embryonic parabolic
dunes coexist in the same area. Various factors, including vegetation, climate,
wind conditions, human activities, and groundwater salinization, can drive trans-
formations between barchan and parabolic dunes, though specific causes differ
across regions. Clarifying dune types, spatial distribution, morphological char-
acteristics, migration patterns, and underlying causes in specific coexistence
zones is crucial for implementing precise desertification prevention and control
measures and serves as an important basis for formulating rational land-use
policies.

Previous research has shown that parabolic dunes generally evolve from barchan
or transverse dunes, and can transform back into barchan or transverse dunes
under conditions of vegetation degradation. The direct cause of mutual trans-
formation is vegetation change, with increased vegetation growth rates leading
to conversion of barchan dunes into parabolic dunes. Numerical simulations
reveal that this transformation occurs when the erosion-deposition rate on dune
surfaces decreases to less than half of the vegetation growth rate. Vegetation
changes are also climate-related, with active periods of barchan-to-parabolic
dune transformation corresponding to periods of higher summer temperatures,
while dune reactivation corresponds to dry and cold summer periods. Wind
energy environments also play an important role, with reduced wind strength
favoring vegetation development.

Study Area Overview

The Hunshandake Sandy Land is located in the eastern part of the Inner Mongo-
lia Plateau, within the farming-pastoral transition zone and the loess boundary
belt of northern China. The sandy land spans approximately 125 km from
north to south and about 450 km from east to west. The northern part consists
of the flat Xilingol Grassland, the western part extends to the central Erlian
Basin, and the southern and eastern parts are surrounded by mountains. The
southern part comprises the eastern extension of the Yinshan Mountains, while
the eastern part is the southern section of the Greater Khingan Range. Topo-
graphically, the sandy land features a northwest-low, southeast-high pattern,
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with elevations gradually rising from about 1000 m in the northwest to approx-
imately 1300 m in the southeast. Climatically, the region belongs to the north
temperate arid and semi-arid climate zone, with annual precipitation decreasing
from about 450 mm in the southeast to about 150 mm in the northwest, and
mean annual temperatures ranging from 1.75 to 3.23°C. The prevailing wind
direction is northwest, with 50–70 windy days per year.

The eastern part of the sandy land is dominated by fixed dunes, mostly in the
form of sand ridges and parabolic dunes, with abundant water resources and
multiple rivers developing from the interior, where lake water is primarily fresh.
In contrast, the western part is characterized by semi-fixed and mobile dunes,
with relatively scarce water resources and numerous dry or semi-dry saline lakes.

Data Sources and Research Methods

2.1 Data Sources Satellite imagery was obtained from Esri’s World Imagery
Wayback service, which primarily includes high-resolution imagery products
from SPOT5 and other satellites with spatial resolutions ranging from 0.31 to
2.5 m, sufficient for dune morphological measurements. Wind data were derived
from meteorological data products provided by the National Climatic Data Cen-
ter (NCDC) in the United States, with a sampling frequency of 3 hours, wind
direction data measured clockwise from true north at 1° intervals, and wind
speed precision of 0.1 m・s−1.

2.2 Research Methods Historical images were loaded into ArcGIS in chrono-
logical order, and measurement tools were used to extract morphological parame-
ters for corresponding periods, including windward slope length (L_U), lee slope
length (L_D), wing width (W), south wing length (L_S), north wing length
(L_N), and base area (S). It should be noted that embryonic parabolic dunes
have a unique morphology, featuring both downwind-pointing wings similar to
barchan dunes and upwind-pointing wings characteristic of parabolic dunes. In
this study, the wing length of embryonic parabolic dunes was measured as the
sum of both components, and wing width was measured as the distance between
the downwind-pointing barchan-like wing tips.

The overall migration speed and direction of dunes were determined using the
five-point average method, which characterizes dune movement using the migra-
tion distances and directions of five characteristic points: the windward front,
dune crest, lee slope bottom, south wing, and north wing. The overall migra-
tion speed was calculated as the average of the migration distances of these
five points divided by the time interval between two images, while the overall
migration direction was calculated as the average of the migration directions of
the five points.
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Results

3.1 Spatial Distribution of Dunes in the Coexistence Zone Satellite
imagery reveals that the western part of the Hunshandake Sandy Land contains
numerous patchily distributed barchan-parabolic dune coexistence zones. The
dune types include typical barchan dunes, embryonic barchan dunes, and em-
bryonic parabolic dunes, which are primarily distributed in clustered patterns
within 15 regions, with extensive parabolic dunes distributed continuously to
the east of their periphery and large areas of semi-fixed honeycomb dunes to
the west. The central axes of all dune types in the coexistence zone are approxi-
mately oriented in a northwest-southeast direction, with wing angles located on
both sides (south and north wings). Each dune type exhibits distinct morpho-
logical differences.

Typical barchan dunes (Type A) present a crescent shape in plan view, are
generally located in the core area of dry lake beds, have relatively long and often
asymmetric wings pointing downwind, and are associated with white salt crusts
exposed on nearly dry lake beds. Embryonic barchan dunes (Type B) have
a more rounded planform than typical barchan dunes, with short and thick
wing angles. In addition to downwind-pointing south and north wings, they
also exhibit inconspicuous upwind-pointing wings. Embryonic parabolic dunes
(Type C) have well-developed upwind-pointing wings while retaining portions
of downwind-pointing wings, with relatively fragmented windward slopes that
intermix with vegetation, making their boundaries indistinct.

3.2 Morphological Characteristics of Dunes in the Coexistence Zone
We selected the fifth zone—the most typical coexistence area—for detailed mor-
phological extraction using satellite imagery from three periods (January 15,
2008; June 4, 2011; and September 20, 2016), with a time span exceeding 8
years. A total of 82 dunes were obtained, including 9 typical barchan dunes,
35 embryonic barchan dunes, and 38 embryonic parabolic dunes. During the
study period, no transformation of dune types occurred, but the morphological
parameters of individual dunes changed. Statistical values for each dune type
across the three periods are presented in Table 1.

Box plots were used to analyze the morphological parameters of each dune type,
revealing different temporal changes in median values. The median windward
slope length increased, wing width decreased, base area decreased slightly, and
lee slope length showed a trend of first decreasing then increasing. The south and
north wings exhibited the most outliers, indicating complex changes. Compar-
isons of synchronous morphological parameters among dune types showed that
the medians of windward slope length and base area followed the order: typical
barchan dunes > embryonic barchan dunes > embryonic parabolic dunes. For
lee slope length and wing width, the order was: embryonic parabolic dunes >
typical barchan dunes > embryonic barchan dunes. Additionally, embryonic
parabolic dunes had the largest median south and north wing lengths, though
with numerous outliers.
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Bivariate diagrams plotting each morphological parameter against time for all
dune types, with arrowed lines connecting values from the three periods, visu-
ally reflect temporal changes in dune parameters (Figure 4). Unlike box plots
that show overall statistical patterns, these diagrams effectively indicate indi-
vidual dune parameter changes over time and reflect temporal changes in bi-
variate relationships. The results show that base area versus windward slope
length and base area versus wing width exhibit approximately linear distribu-
tions, while other parameter relationships, particularly those involving south
and north wings, lack such linear characteristics.

Further correlation analysis revealed that during the same period, without dis-
tinguishing dune types, correlations between dune morphological parameters
remained relatively stable across periods (Figure 5). When distinguishing dune
types, the correlations of base area with windward slope length and wing width
were strong for all three types. However, lee slope length showed strong corre-
lation with windward slope length but weak correlation with wing width. Addi-
tionally, embryonic parabolic dunes exhibited strong correlation between south
and north wing lengths (Figure 6). Whether distinguishing dune types or not,
correlations from periods 2 and 3 were similar and generally higher than those
from period 1.

3.4 Migration Characteristics of Dunes in the Coexistence Zone
Based on satellite imagery from periods 1 and 2, the average migration
direction and velocity of dunes in the coexistence zone were obtained (Tables
2 and 3). During period 1 (2008–2011), the average migration directions
of different dune parts were relatively consistent, with an overall average
migration direction of 124.6°, approximately southeast. During period 2 (2011–
2016), the average migration directions of different parts remained similar but
shifted southward compared to period 1, with an overall average migration
direction of 133.6°, between southeast and south-southeast. The dune crest
showed the most significant southward shift. Polar coordinate analysis revealed
that the windward front had more concentrated migration directions relative
to other parts.

In contrast to migration direction, migration velocities differed significantly
among dune parts within the same period (Figure 7). The dune crest had
the highest migration velocity in both periods (Table 3). During period 1, the
migration velocities of different dune types were similar, with an average of 3.51
m・yr−1. During period 2, typical and embryonic barchan dunes migrated sig-
nificantly faster than embryonic parabolic dunes, with average velocities of 3.37
m・yr−1 and 2.60 m・yr−1, respectively. Comparisons of migration velocities
among dune types showed that typical and embryonic barchan dunes experi-
enced slight increases, while embryonic parabolic dunes showed a clear decrease
in velocity.
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Discussion

4.1 Influence of Dry Lake Beds on the Distribution Pattern The
barchan-parabolic dune coexistence zone highly overlaps with dry lake bed dis-
tribution, likely related to regional salinity differences and resulting vegetation
differentiation. Areas around dry lake beds have high salinization levels that
limit vegetation growth, preventing the development of vegetation-dependent
parabolic dunes and instead favoring barchan dunes, which are characteristic of
low vegetation cover. This aligns with the observation that barchan dunes only
appear in areas with sparse vegetation. Previous studies have shown that the
Hunshandake Sandy Land hosted large ancient lakes during the Holocene and
even Pleistocene, when the climate was much more humid than today. However,
under recent climate change and human impacts, the lake area in the sandy land
has rapidly shrunk, particularly in the ecologically fragile and sensitive western
region. Satellite image analysis reveals that a water body present in 2008 had
become a white salt crust by 2011. In addition to the interior of the sandy land,
Hurchin Lake on the northern margin has also experienced rapid area reduction
with obvious salinization, providing abundant sand sources and conditions for
barchan dune development. Barchan dunes have already appeared locally, such
as in area A on the southwestern edge of Hurchin Lake.

4.2 Influence of Vegetation on Dunes in the Coexistence Zone Dune
types in the Hunshandake Sandy Land are closely related to vegetation cover.
Macroscopically, the western region where the coexistence zone is located has
low vegetation cover, generally less than 10%, and is dominated by mobile and
semi-fixed barchan and parabolic dunes. In contrast, the central and eastern
regions have relatively higher vegetation cover (10%–30%) and are dominated by
fixed and semi-fixed parabolic dunes, honeycomb dunes, sand ridges, beam-nest
dunes, shrub-coppice dunes, and fixed dunes. Microscopically, vegetation is the
key factor in forming parabolic dunes. Changes in climate or human land-use
patterns improve vegetation conditions on dune surfaces, initially growing in
the wings where wind erosion and deposition are relatively weak. As vegetation
gradually proliferates, it not only acts as a barrier to wind-blown sand but also
fixes sand through its root system. Under this dual effect, the migration velocity
of dune wings becomes slower than that of the dune core, eventually leading to
the core advancing ahead of the wings, wing direction reversal pointing upwind,
and formation of parabolic dunes with wings opposite to the original barchan
dunes.

Vegetation condition also significantly influences dune migration. According to
previous research, vegetation cover in the Hunshandake Sandy Land increased
during 2008–2016. However, the impact of this overall vegetation improvement
on migration velocity differs among dune types. Because typical and embryonic
barchan dunes have low vegetation cover, they are less affected by vegetation
changes, and their overall migration velocity did not significantly decrease. In
contrast, embryonic parabolic dunes, with relatively good vegetation cover, were
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significantly affected, showing decreased migration velocity consistent with the
overall vegetation improvement. NDVI analysis revealed that vegetation cover
in the study area increased during period 2, and embryonic parabolic dunes
exhibited decreased migration velocity consistent with NDVI trends (Figure 8).

4.3 Influence of Wind Conditions on Dunes in the Coexistence Zone
Wind conditions represent another key factor affecting dune morphology and
migration velocity. Barchan dunes generally appear in wind environments with
RDP/DP > 0.7. Using wind direction and speed data from the Erlianhot me-
teor station upwind of the study area, we calculated the sand drift potential
(DP), resultant drift direction (RDD), and resultant drift potential (RDP). The
results showed that RDP/DP increased from 0.83 in period 1 to 0.93 in pe-
riod 2, indicating a shift from low to medium wind energy environment. The
increase in RDP/DP also suggests that the resultant drift direction shifted
southward, consistent with the actual migration direction of all dune types.
The higher RDP/DP values satisfy the developmental environment for typical
barchan dunes.

While increased wind energy should promote dune migration, the actual sit-
uation shows different impacts on different dune types. For typical and em-
bryonic barchan dunes with sparse vegetation cover, increased DP and RDP
corresponded to increased migration velocity, showing consistent trends. How-
ever, embryonic parabolic dunes did not show increased migration velocity with
RDP/DP but instead decreased due to increased vegetation cover, indicating
that wind energy environment is less significant than vegetation for embryonic
parabolic dune migration.

4.4 Influence of Other Factors on Dunes in the Coexistence Zone In
addition to the aforementioned factors, terrain, sand sources, and human ac-
tivities also significantly influence dunes in the coexistence zone, particularly
for individual dunes in local areas. Terrain can substantially alter dune mor-
phology. For instance, geophysical studies of large dunes in the Badain Jaran
Desert have shown that underlying topography plays a key role in forming large
sand mountains. In the Hunshandake Sandy Land, since barchan dunes are dis-
tributed in dry lake beds, terrain gradually rises from the center to the periphery.
When dunes are located in areas with dramatic topographic changes, dune mor-
phology often changes accordingly. Numerical simulations have confirmed that
dunes climbing slopes become asymmetric due to terrain effects.

Typical barchan dunes generally form in areas with limited sand supply. Al-
though the study area is not located at desert margins with low sand supply,
the surrounding environment, particularly the upwind area dominated by fixed
and semi-fixed parabolic dunes, provides a low sand supply environment ideal
for barchan dune development. Additionally, human impacts on the coexistence
zone have dual effects: on one hand, overgrazing and other activities may cause
vegetation degradation and parabolic dune activation; on the other hand, ratio-
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nal sand control engineering can gradually stabilize barchan dunes, and such
semi-fixed barchan dunes are common in the Hunshandake Sandy Land.

Conclusion

The barchan-parabolic dune coexistence zone in western Hunshandake Sandy
Land includes three types: typical barchan dunes, embryonic barchan dunes,
and embryonic parabolic dunes. Based on analysis of historical imagery from
the World Imagery Wayback service, the following conclusions are drawn:

1) The coexistence zone is concentrated in 15 regions in western Hunshandake
Sandy Land, each containing dry lake beds. The emergence of dry lake
beds causes local salinization, limits vegetation growth and the develop-
ment of associated parabolic dunes, and ultimately leads to the formation
of barchan dunes. This is the key factor determining the distribution pat-
tern of the coexistence zone. Therefore, greater attention should be paid
to dune activation caused by lake drying and salinization in desertification
control efforts.

2) Analysis of the most typical fifth zone reveals that all dune types show clear
temporal trends in windward slope length, wing width, base area, and lee
slope length, with medians showing increase, decrease, slight decrease, and
decrease-then-increase patterns, respectively. However, changes in south
and north wings are more complex, with the most outliers. Correlation
analysis indicates that the south and north wings undergo the greatest
changes, while windward slope length, lee slope length, and base area
show inheritance during the barchan-to-parabolic dune transformation.

3) The three dune types show similar migration directions that are consis-
tent with changes in RDP direction, but their migration velocities differ
significantly, primarily influenced by vegetation and wind speed, with dif-
ferent effects on different dune types. Vegetation cover most significantly
affects embryonic parabolic dunes with relatively good vegetation condi-
tions, showing velocity trends consistent with NDVI. Wind speed most
significantly affects relatively bare typical and embryonic barchan dunes,
showing velocity trends consistent with DP and RDP. Additionally, ter-
rain, sand sources, and human activities also influence the morphology
and migration of dunes in the coexistence zone.
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